Vascular smooth muscle cells (VSMCs) undergo phenotypic changes in response to vascular injury such as angioplasty. Protein kinase G (PKG) has an important role in the process of VSMC phenotype switching. In this study, we examined whether rosiglitazone, a peroxisome proliferator-activated receptor (PPAR)-c agonist, could modulate VSMC phenotype through the PKG pathway to reduce neointimal hyperplasia after angioplasty. In vitro experiments showed that rosiglitazone inhibited the phenotype change of VSMCs from a contractile to a synthetic form. The platelet-derived growth factor (PDGF)-induced reduction of PKG level was reversed by rosiglitazone treatment, resulting in increased PKG activity. This increased activity of PKG resulted in phosphorylation of vasodilator-stimulated phosphoprotein at serine 239, leading to inhibited proliferation of VSMCs. Interestingly, rosiglitazone did not change the level of nitric oxide (NO) or cyclic guanosine monophosphate (cGMP), which are upstream of PKG, suggesting that rosiglitazone influences PKG itself. Chromatin immunoprecipitation assays for the PKG promoter showed that the activation of PKG by rosiglitazone was mediated by the increased binding of Sp1 on the promoter region of PKG. In vivo experiments showed that rosiglitazone significantly inhibited neointimal formation after balloon injury. Immunohistochemistry staining for calponin and thrombospondin showed that this effect of rosiglitazone was mediated by modulating VSMC phenotype. Our findings demonstrate that rosiglitazone is a potent modulator of VSMC phenotype, which is regulated by PKG. This activation of PKG by rosiglitazone results in reduced neointimal hyperplasia after angioplasty. These results provide important mechanistic insight into the cardiovascular-protective effect of PPARc.
INTRODUCTION
Vascular diseases such as atherosclerosis and hypertension are among the most common causes of morbidity and mortality worldwide. Moreover, the prevalence of those diseases has been rapidly increasing. Therefore, vascular protection has become important in decreasing cardiovascular mortality and morbidity. To treat cardiovascular disease patients, drug therapies have received much attention. For example, thiazolidinediones have pleiotropic effects on the cardiovascular system, in addition to lowering blood glucose. [1] [2] [3] [4] [5] Rosiglitazone modulates cardiovascular risk factors through its anti-inflammatory, anti-atherogenic and anti-thrombotic properties. 1, 4 Considering vascular pathophysiology, all these anti-atherogenic and anti-restenotic effects appear to be related to modulating the properties of vascular smooth muscle cells (VSMCs). The proliferation and migration of VSMCs have pivotal roles in the progression of atherosclerosis and the development of restenosis after vascular interventions. 1 VSMCs can be divided into two types, contractile and synthetic/proliferative. 6, 7 The synthetic VSMCs contribute to the progression of atherosclerosis and the formation of neointimal hyperplasia after vascular injury. 6 Therefore, it is important to modulate the phenotype change of VSMCs to block the progression of atherosclerosis and restenosis. Among other molecular pathways, protein kinase G (PKG) has a pivotal role in modulating VSMC phenotype. 8 Here, we tested whether rosiglitazone could have vascularprotective effects by modulating VSMC phenotype, and if so, whether the activation of PKG underlies rosiglitazone's effects on VSMCs.
MATERIALS AND METHODS Materials
Rosiglitazone and GW9662 were supplied from GlaxoSmithKline (GlaxoSmithKline UK Ltd., Middlesex, UK) and dissolved in dimethylsulfoxide. Recombinant rat PDGF-BB was purchased from R&D systems (Minneapolis, MN, USA) and mithramycin from Sigma-Aldrich (St Louis, MO, USA). Anti-PKG I, anti-PKG Ia, anti-PKG Ib and goat anti-actin antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-vasodilatorstimulated phosphoprotein (VASP; Ser239) and rabbit anti-total VASP were purchased from Cell Signaling (Berkeley, MA, USA). Mouse anti-calponin antibody was obtained from Sigma-Aldrich. Mouse anti-a-smooth muscle actin (SMA) antibody was purchased from Abcam (Cambridge, MA, USA). An Alzet osmotic pump was purchased from Durect corporation (Cupertino, CA, USA).
Cell isolation and culture
Rat aortic VSMCs were isolated from the thoracic aorta of SpragueDawley rats by enzymatic dispersion using a previously described method with minor modification. 9 Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum with penicillin/streptomycin in a 37 1C, 5% CO 2 incubator.
Cell viability and proliferation assay
Cell viability and proliferation were measured using the trypan blue exclusion assay and the incorporation of bromodeoxyuridine (Roche Molecular Biochemicals, Indianapolis, IN, USA), respectively, according to the manufacturer's instructions. After serum starvation, rosiglitazone was added and the cells were stimulated with PDGF-BB. At the end of the incubation period, the bromodeoxyuridine was added and the cells were incubated for another 4 h.
Immunofluorescence staining
For immunofluorescence staining, cells were washed twice with PBS and fixed with 100% cold methanol for 10 min in À20 1C. After washing away the methanol with 0.05% TBS-T three times, blocking was performed with a 1% bovine serum albumin solution. Immunofluorescence staining was performed using anti-a-SMA, anti-calponin and anti-thrombospondin antibodies. Nuclei were stained with 4 0 -6-diamidino-2-phenylindole.
Western blot analysis
VSMCs were stimulated using 10 ng ml À1 of PDGF-BB with or without 10 mM rosiglitazone for the indicated times after serum starvation. Immunoblot assays were performed as described previously. 10, 11 Reverse transcription-PCR Total RNA was extracted from VSMCs using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). One microgram of total RNA was reversetranscribed using the reverse transcription system. PCR was performed using the following paired primers: forward 
NO and cGMP measurement
The cell culture supernatant was collected after various times, and NO concentration was determined with the Griess Reagent System (Promega, Madison, WI, USA). cGMP concentration in the medium was measured using a Cyclic GMP Assay kit (R&D systems) according to the manufacturer's instructions.
Chromatin immunoprecipitation (ChIP) assay
To evaluate whether Sp1 binds to the Sp1-binding site of the rat PKG promoter, a ChIP assay was carried out following the ChIP Assay Kit protocol (Upstate Biotechnology, Lake Placid, NY, USA). The cells were treated with rosiglitazone or mithramycin and then stimulated with PDGF-BB. The sonicated lysate was used as an input control, and the remaining lysate was for immunoprecipitation with or without anti-Sp1 antibodies (Santa Cruz Biotechnology). The precipitated DNA fragments were analyzed by PCR with primers for the PKG promoter using the forward primer 5 0 -GGATCCA GTTACAAGCACT G-3 0 and the reverse primer 5 0 -CTCCTGCT GAATGGACTAGA-3 0 .
Rat carotid artery balloon injury model Immunohistochemical staining and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay
Immunohistochemistry was performed as previously described. 10, 11 The primary antibodies used were against proliferating cell nuclear antigen, calponin, a-SMA and thrombospondin. The TUNEL assay was performed with minor modifications to a previously described method, using an Apoptag kit (Intergen Co, Gaithersburg, MD, USA). 10, 11 Sections were counterstained with methyl green or Mayer's hematoxylin.
Statistical analysis
All results are expressed as the mean ± s.e. Experimental mean values were compared by Student's t-test or analysis of variance, as appropriate, using SPSS software version 17.0 (SPSS Inc., Chicago, IL, USA). Po0.05 was considered statistically significant.
RESULTS
Rosiglitazone modulates VSMC phenotype through a PKGdependent pathway PDGF treatment changed the morphology of VSMCs from an elongated spindle-shape to a flattened and fibroblast-like shape (Figures 1a and b) . Interestingly, rosiglitazone treatment reversed this morphologic change induced by PDGF, resulting in retention of the spindle-shaped morphology ( Figure 1c) . Moreover, the PKG inhibitor 8-Rp-cPT-cGMP blocked the effect of rosiglitazone (Figure 1d ), suggesting that rosiglitazone modulates VSMC morphology via a PKG-dependent pathway. This morphologic difference was quantified by using the ratio of the long axis to the short axis of cells ( Figure 1e ). To confirm the effect of rosiglitazone on the phenotype of VSMCs, immunofluorescence staining was performed. When treated with PDGF, a contractile phenotype of VSMCs (positive for calponin and a-SMA) was changed to a synthetic one (positive for thrombospondin; Figure 2 ). Rosiglitazone blocked this effect of PDGF, which was reversed by PKG inhibitor. These results suggest that rosiglitazone modulates VSMC phenotype through a PKG-dependent pathway.
Rosiglitazone increases the expression of PKG Ia, but not PKG Ib PKG is classified into PKG I and PKG II, and PKG I is also divided into PKG Ia and PKG Ib. We tested whether rosiglitazone could change the expression levels of these PKG isoforms. PDGF treatment decreased the level of PKG Ia, but not PKG Ib ( Figure 3 ). Rosiglitazone treatment effectively blocked the decrease of PKG Ia induced by PDGF. These results suggest that rosiglitazone regulates the transcriptional level of PKG Ia.
Rosiglitazone modulates VSMC viability via PKG activation
Western blot analysis of phospho-VASP (a substrate of PKG) showed that rosiglitazone treatment increased the activity of PKG (Figure 4a ). Moreover, PKG inhibitor reversed the PKG activation induced by rosiglitazone, suggesting that rosiglitazone increased not only the expression level but also the activity of PKG. Interestingly, GW9662, a peroxisome proliferator-activated receptor (PPAR)-g antagonist, reversed the rosiglitazone-induced phosphorylation of VASP (Figure 4a ), suggesting that rosiglitazone modulates PKG activity through a PPARg-dependent mechanism. Other assays showed that rosiglitazone treatment reduced the proliferation and viability of VSMCs and that PKG inhibitor reversed the effect of rosiglitazone on VSMCs, suggesting that rosiglitazone also changes VSMC viability through PKG activation (Figures 4b and c).
The effect of rosiglitazone is mediated not by the change of NO-cGMP but by the increased binding of Sp1 on the PKG promoter NO upregulates the level of cGMP, which can also activate PKG. Therefore, we examined which part of the NO-cGMP-PKG pathway was modulated by rosiglitazone. Interestingly, rosiglitazone did not change the level of NO or cGMP, suggesting that rosiglitazone directly influences PKG itself without influencing NO or cGMP (Figures 5a-c) . ChIP for the PKG promoter showed that rosiglitazone increased the binding of Sp1 on the promoter region of PKG (Figure 5d) . Moreover, mithramycin, a Sp1 inhibitor, reversed the increased binding activity of Sp1 induced by rosiglitazone. Taken together, all these results suggest that the effect of rosiglitazone is exerted by the increase of Sp1 binding on the PKG promoter, not by increasing the level of NO-cGMP (Figure 5e ).
Rosiglitazone reduces neointimal hyperplasia after angioplasty in vivo by modulating VSMC phenotype Rosiglitazone treatment significantly reduced neointimal formation at 2 weeks after vascular injury in vivo compared with the vehicle-treated group (Figure 6a) . Quantitative analysis showed a significant reduction in intima/media ratio (vehicletreated group vs rosiglitazone-treated group, 0.78 ± 0.2 vs 0.47±0.1, Po0.05, n ¼ 10 in each group; Figure 6b ). In the injured arteries, rosiglitazone treatment decreased VSMC proliferation and increased VSMC apoptosis (Figures 6c and d) . Moreover, rosiglitazone treatment reversed the decreased levels of calponin and a-SMA induced by vascular injury (Figures 6e  and f ). In contrast, the level of thrombospondin, a marker for synthetic VSMC, was decreased by rosiglitazone treatment (Figure 6g ). These results suggest that rosiglitazone could prevent neointimal hyperplasia by modulating the VSMC phenotype even in vivo. increased the level of PKG, resulting in increased phosphorylation of VASP at Ser239. This phosphorylation of VASP inhibited VSMC proliferation and reduced VSMC viability. Interestingly, rosiglitazone upregulated PKG by increasing the binding activity of Sp1 on the PKG promoter, not by upregulating NO or cGMP, which are upstream of PKG. Moreover, rosiglitazone effectively reduced neointimal formation after vascular injury by modulating the VSMC phenotype in vivo.
PKG has an important role in modulating VSMC phenotype
The phenotype change of VSMCs in response to injury is an important process for atherosclerosis progression and neointimal formation. 6, 8 Activation of VSMCs induced by vascular injury converts them from a contractile to a synthetic phenotype. Synthetic VSMCs show high rates of proliferation, migration and production of extracellular matrix components, such as collagen, elastin and proteoglycans, which constitute the atheroma or neointima. 12, 13 The phenotype change of VSMCs from a contractile to a synthetic form is associated with a reduced level of PKG. [14] [15] [16] [17] Based on this fact, PKG overexpression can reduce restenosis after vascular injury. 18 This suggests that PKG has an important role in modulating the VSMC phenotype and neointimal formation, which are associated with restenosis after balloon injury or stent implantation. PKG Ia and PKG Ib. 8 PKG Ia is more easily activated by cGMP than is PKG Ib. 20 The exact roles of PKG Ia and PKG Ib in vascular biology are unclear. However, each isoform of PKG I seems to have a different role in VSMCs. For example, the dysregulation of Ca 2 þ related to vasorelaxation is rescued by PKG Ia, not by PKG Ib. 21 In our study, rosiglitazone increased the expression of PKG Ia, but not PKG Ib. However, besides the transcriptional change of PKG Ia induced by rosiglitazone, our study did not show whether the activity of one or both isoforms of PKG I was affected by rosiglitazone.
The effect of rosiglitazone on VSMC proliferation and viability is mediated by VASP phosphorylation at Ser239 Several mechanisms are associated with the proliferation or apoptosis of VSMCs after vascular injury. Rosiglitazone inhibits VSMC proliferation through a PPARg pathway or GSK-3b activation. 22, 23 In this study, we discovered a new mechanism by which rosiglitazone inhibits VSMC proliferation: activation of PKG. VASP is a substrate of PKG. There are three phosphorylation sites on VASP, serine 157, serine 239 and threonine 278. 24 VASP phosphorylation at serine 239 is associated with inhibition of VSMC proliferation, whereas phosphorylation at serine 157 enhances VSMC growth. 25 Interestingly, VASP phosphorylation at serine 239 is preferred by PKG. 25 Our finding that rosiglitazone increased VASP phosphorylation at serine 239 shows the potent inhibitory effect on the proliferation of VSMCs, resulting in reducing neointimal hyperplasia.
Rosiglitazone increases the expression of PKG by enhancing the binding activity of Sp1 on the PKG promoter Several transcription factors, such as Sp1, Krüppel-like transcription factor 4, upstream stimulatory factor 1, upstream stimulatory factor 2 and p53, directly regulate PKG expression. [26] [27] [28] [29] After testing the effects of rosiglitazone on the levels of the above transcriptional factors (data not shown), we found that rosiglitazone regulated the binding activity of Sp1 on the PKG promoter. Sp1 increases PKG Ia expression, but how Sp1 acts on the PKG promoter is unknown. 26 Our ChIP assay showed that rosiglitazone dramatically increased the binding activity of Sp1 on the PKG promoter, whereas PDGF treatment decreased this promoter-binding activity. Mithramycin, a Sp1 inhibitor, reduced the binding activity induced by rosiglitazone, suggesting that the increased activity of PKG transcription by rosiglitazone is mediated by Sp1.
Rosiglitazone modulates PKG activity by a PPARgdependent mechanism When considering the mechanisms of action of a PPARg agonist, it is important to distinguish whether that action is mediated by PPARg-dependent or -independent mechanisms. In our study, PPARg antagonist reversed the effect of rosiglitazone on VASP phosphorylation, suggesting that the change in PKG activity was mediated by a PPARg-dependent pathway. Although it is possible that the effect of rosiglitazone on VSMC proliferation could be attributed to rosiglitazone itself, at least under our study conditions, the effect of rosiglitazone on the phenotype modulation of VSMCs seems to have been mediated by PKG activation through a PPARgdependent mechanism.
Recent concerns about the safety of rosiglitazone in cardiovascular diseases Recently, in cardiovascular medicine, there have been many concerns about the safety of rosiglitazone. However, rosiglitazone exerts no significant harmful effects on the heart itself. 3, 30, 31 Because PPARg agonists have the property of fluid retention, rosiglitazone may increase intravascular volume, resulting in an increased burden on the heart, followed by poor prognosis. 3 However, recent large clinical trials and meta-analysis show that the effect of rosiglitazone on the heart is neutral or marginally beneficial. 3, 31 Although rosiglitazone is not allowed to be sold without a prescription from certified doctors in the United States, our study shows the important role of PPARg in cardiovascular disease.
An emerging protective role of PKG in the cardiovascular system The PKG pathway is involved in the protection of the cardiovascular system. Takimoto et al. showed that the activation of PKG by sildenafil suppresses cardiac hypertrophy and modulates cardiac remodeling. 32 cGMP/PKG pathway also has an important protective role in the process of reperfusion injury after ischemia. 33 Particularly, the NO/cGMP/PKG pathway has a strong beneficial effect in endothelial cells. 34 Therefore, rosiglitazone could have beneficial effects on various heart diseases through PKG activation.
In conclusion, our study demonstrated that rosiglitazone can modulate VSMC phenotype effectively through a PKGdependent pathway, resulting in the reduction of neointimal hyperplasia after angioplasty. These results suggest that the phenotypic modulation of VSMCs via PKG activation underlies the cardiovascular-protective effect of rosiglitazone.
